Chemoselective hydrogenation of nitroarenes to anilines is of great importance for the manufacture of pharmaceuticals, fine chemicals, and dyes. In this study, a series of metal-free N-doped carbon nanotubes (NCNTs) have been prepared by the carbonization of in situ polymerized pyrrole on CNTs. The concentration of pyrrole, pyrolysis temperature, and the outside diameter of CNTs were investigated to improve the catalytic performance. As characterized by Raman and X-ray photoelectron spectroscopy (XPS), the optimal catalyst (NCNTs-800) possessed a unique structure doped with the same content of pyrrolic N and graphitic N. The activity and selectivity of NCNTs-800 have been evaluated for the selective hydrogenation of substituted nitroarenes. Highly selective hydrogenation of the nitro group of 12 different substrates has been achieved on NCNTs-800, even in the presence of a fragile iodo group. The hydrogenation reaction on N-doped CNTs from polypyrrole involved a mixture of different hydrogen species including nonpolar H radicals. In addition, stability and recyclability of NCNTs-800 have been tested.
INTRODUCTION
Catalytic hydrogenation reactions have drawn the attention of many researchers due to their wide applications in the synthesis of chemicals and pharmaceuticals. 1, 2 Selectively reducing nitro compounds to amines is of great commercial importance, as amines can be the intermediates for the manufacture of pharmaceuticals, fine chemicals, dyes, herbicides, and chelating agents. 3, 4 Many metal-based catalysts with good activity and durability have been developed to catalyze the hydrogenation of nitroarenes. 5−8 Recently, metalfree catalysts attracted great attention in the area of hydrogenation as a cost-effective and environmental-friendly route.
In the last few decades, carbon-based catalysts have been a hotpot in the field of metal-free catalysis owing to its abundance in nature and tenability in the structure at the atomic/morphological levels. 9−11 However, pure carbon materials exhibited low catalytic activity due to the fact that their uniform charge distribution abates the interaction between the reactant and the catalyst and blocks the electron transfer. To overcome this issue, heteroatoms like N, S, and P were doped into carbon materials to change their charge distribution and create defects for the activation of reactants. 12−15 Among various heteroatoms, nitrogen atom holds a prominent position. The N atom has an atomic size comparable to that of C atom, making it much easier to be introduced into the carbon matrix. 16 Moreover, the lone pair of electrons in the N atom can form conjugate π-bonds with π-bonds of carbon lattice, endowing N-doped carbon materials (NCs) with excellent catalytic performance. 17 According to previous literatures, the NCs showed improved catalytic performances in the oxygen reduction reaction (ORR), 18−21 dye-sensitized solar cell, 22, 23 hydrogen transfer reaction with hydrazine, 24, 25 and hydrogenation of nitroarenes. 26 In the midst of the popular carbon materials, carbon nanotubes (CNTs) with unique hollow structure, high surface area, and excellent electrical conductivity have inspired a lot of global interest of research. 27 There exists a large space in the study of applying N-doped CNTs into chemical reactions as metal-free catalyst, especially the selective hydrogenation of nitro groups.
NCs can be synthesized by two common methods: direct carbonization and post-treatment method. 28 Direct carbonization is a straight way to prepare NCs through the pyrolysis of nitrogen-containing compounds like ionic liquids, biomass, and polymers. 29, 30 NCs with a uniform nitrogen distribution were usually obtained via direct carbonization. In the posttreatment method, nitrogen-containing compounds are usually blended with carbon materials in solution, 31, 32 and the mixture is pyrolyzed to obtain various NCs. The physical mixing by mechanical stirring may cause an uneven distribution of nitrogen. In addition, nitrogen-containing compounds may not bind to the carbon skeleton firmly, which results in the volatilization of the dopants during high-temperature pyrolysis. For doping N in carbon materials, in situ polymerization showed great potential. 33 Polypyrrole (PPy) had acted as a good nitrogen source to generate NCs owing to its unique structure, great stability, low toxicity, and easy preparation. Wang et al. prepared N-doped carbon nanowires through the direct carbonization of polypyrrole nanowires and used them in supercapacitor. 34 Lin et al. reported a promising bifunctional electrocatalyst via the pyrolysis of graphene oxide (GO) loaded with PPy for both the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). 35 In this context, we develop a facile post-treatment method to synthesize N-doped CNTs. In situ polymerization of pyrrole on the surface of CNTs was realized using ammonium persulfate as the oxidizing agent. Then, N atoms were successfully introduced into the carbon matrix via the subsequent carbonization of the PPy−CNTs composite. The as-prepared N-doped CNTs were operated as metal-free catalysts for the selective hydrogenation of nitroarenes. The relationship between the structure and the catalytic performance has been studied. Interestingly, pyrrolic N together with graphitic N effectively tuned the activity and selectivity of the as-prepared catalyst. Moreover, the active hydrogen species and the stability of the optimal catalyst have been investigated.
RESULTS AND DISCUSSION
2.1. Characterization of the N-Doped Carbon Nanotubes (NCNTs). Morphology and microstructure of the NCNTs samples were expounded by transmission electron microscopy (TEM) images ( Figure 1 ). As shown in Figure  1a ,b, the pristine CNTs with a flat tubular structure and a bare exterior surface can be observed. Upon treatment with polypyrrole, the CNTs were still well dispersed without agglomerating apparently, and the exterior surface was rough (Figure 1c, d) in contrast with that of bare CNTs. It reveals that pyrrole was successfully polymerized on the exterior surface of CNTs. As shown in Figure 1f , NCNTs-800 exhibits a wrinkled structure with small bulges and slight distortions, which can also be seen in other NCNTs. Due to the similar size of N atom and C atom, some carbon atoms are more readily replaced by N atoms, which destroys the carbon skeleton. The structure of the wrinkled surface increases not only the specific surface area but also the active sites, which may result in good performance for the hydrogenation of nitroarenes. The lattice spacing between the graphene layers was calculated to be 0.335 nm. The larger spacing of the graphitic (002) plane in NCNTs-800 relative to that in a wellordered structure of graphite may facilitate the incorporation of N atoms into the graphitic structure and increase the active sites. 36 According to previous research, 37,38 bamboo-like "joints", as observed in Figure 1e , represents a typical morphological feature of N-doped CNTs, which further confirms the successful doping of CNTs with nitrogen.
X-ray diffraction (XRD) patterns of the samples are shown in Figure 2 . It is apparent that one sharp peak at around 25.0°a nd one weak peak at 43.5°were observed in all samples, which are indexed to the (002) and (100) reflections of the nanographitic structure. It indicates that the as-prepared samples were highly graphitized. 39 After being doped with nitrogen, the sample still maintained a graphitized structure, while the degree of graphitization was decreased ( Figure 2a ). Furthermore, as the concentration of the nitrogen source increases, the (002) peak becomes much blunter (Figure 2b ), indicating the lower degree of graphitization. The pyrolysis temperature can also affect the graphite structure of NCNTs. As shown in Figure 2b , NCNTs-800 exhibits a relatively weak peak at the (002) compared to NCNTs-700.
The graphitic structures of the samples were further characterized by Raman spectroscopy. As shown in Figure 3 , two characteristic peaks at 1360 and 1586 cm −1 were distinctly observed, which are attributed to the D band and G band, respectively. 40 The D band corresponds to the lattice defects, while the G band is related to the tangential vibrations of sp 2 carbon atoms in rings and chains. 41 Hence, the ratios of the intensities of the two bands are used to determine the degree of the disorder and graphitization of carbon materials. The values of I D /I G for NCNTs are all a little higher than that for the pristine CNTs, demonstrating that nitrogen doping increases the disorder and defects of the samples. The results match well with TEM analysis. With the increasing of pyrolysis temperature or pyrrole concentration, the value of I D /I G was increased, which is in good agreement with the XRD results. It can be concluded that both the high concentration of pyrrole and the high temperature of carbonization can generate defects and reduce the degree of graphitization.
To identify the N species in the as-prepared N-doped CNTs, X-ray photoelectron spectroscopy (XPS) measurements were carried out. As shown in Figure 4a , there exist three peaks at 285, 400, and 533 eV in the as-prepared catalysts, which are attributed to the presence of C 1s, N 1s, and O 1s. The exact atomic contents are summarized in Table 1 . The atomic percentage of nitrogen decreased with the increasing pyrolysis temperature, which was also observed previously in other research. 42 It can be explained by the facilitated volatilization of nitrogen during pyrolysis. To determine the existent of different forms of N species, the XPS peaks were deconvolved. As shown in Figure 4b −d, the high-resolution N 1s peak displays four types of N species at 398.5, 400.0, 401.2, and 403.0 eV, which are assigned to pyridinic N, pyrrolic N, graphitic N, and oxidized N, respectively. 43 The calculated ratios of different N species are summarized in Table 1 . The relative content of pyrrolic N was decreased by 9.72% and the relative content of graphitic N was increased by 8.15% when the pyrolysis temperature was increased from 700 to 800°C. It can be deduced that under a higher temperature of pyrolysis, a small fraction of doped nitrogen was volatilized, and some remaining pyrrolic N was partially converted into graphitic N. 44 When the concentration of pyrrole was increased from 0.15 to 0.19 mg/mL, the content of N was increased from 1.75 to 2.16%. It was also noted that graphitic N and pyrrolic N were the main factors to create the defect structures in NCNTs-800 according to the previous research. 45 The XPS results are consistent with the above-mentioned Raman spectra.
To distinguish the N-doped CNTs synthesized with various nitrogen resources, we compared the nitrogen species of NCNTs-800 with m-NCNTs and p-NCNTs developed by our group previously. 26 As shown in Table 2 , the composition of N species is distinctive when polypyrrole was used as the N source. Therefore, it is possible that the contents of different N species are effectively tuned by various N precursors with special structure and composition. Herein, the content of pyrrolic N was increased to as high as 37.8% when polypyrrole was employed as the N source. Therefore, the catalyst with a high proportion of pyrrolic N and graphitic N has been prepared. The total molar ratio of pyrrolic N and graphitic N in NCNTs-800 is 74.2%. It is speculated that the activity and selectivity of hydrogenation on NCNTs-800 will be different from that on m-NCNTs due to its unique N composition.
2.2. Catalytic Performances of Various N-Doped Carbon Materials for Hydrogenation. All of the asprepared N-doped CNTs were tested as metal-free catalysts for the chemoselective hydrogenation of p-nitrophenol (NIP) to p-aminophenol (AMP). The activity and selectivity for hydrogenation on various catalysts are summarized in Table 3 .
The carbon mass balance of the above-mentioned reaction was greater than 99% based on the chromatographic data. As illustrated in entries 1 and 2, neither pristine CNTs nor polypyrrole was active. When the catalyst was prepared via the pyrolysis of PPy−CNTs composite at 800°C, the complete conversion of NIP was achieved in 0.5 h ( Table 3 , entry 6), which was only 4.09% in 1 h over the catalyst was pyrolyzed at 700°C ( Table 3 , entry 3). As determined by Raman and XPS, the structure of the catalysts and the types of doped N will be changed hugely with the changing pyrolysis temperature, resulting in great differences in their activities. 44 The best pyrolysis temperature to generate optimal structure and composition of N-doped CNTs is 800°C, at which, doping of electronegative nitrogen introduces high density of positive charge to the C atoms adjacent to N atoms and generates abundant active sites. 46 As shown in Table 3 , entries 4 and 6, the decrease of pyrrole concentration from 0.19 to 0.15 mg/mL resulted in the reduced conversion of NIP from 100 to 44.1%. Combined with the XPS analysis (Table 2) , it can be concluded that the concentration of doped N plays a critical role in the activity of catalytic hydrogenation. Significantly, the outside diameter (OD) of CNTs play a key role in affecting the activity of the as-prepared NCNTs ( less than 20 nm, the activity of NCNTs was enhanced by the increasing OD. The NCNTs with the OD of 10−20 nm exhibited the best performance, and both the conversion and selectivity reached 100%. It is interesting that the activity was reduced with further increase of the OD to a value of larger than 20 nm. The conversion decreased sharply to 5.97 and 2.22% when the OD was increased to 20−30 and 30−50 nm, respectively. This decrease may be attributed to the surface curvature of different multiwalled carbon nanotubes (MWCNTs), which probably had a huge influence on the adsorption of reactants and products or the energy barrier of hydrogenation. 26 When graphene oxide (GO) or fullerene (C60) was used as the carrier of polypyrrole, the obtained NCs (NGO and NC60) were inert in hydrogenation ( Table 3 , entries 9−10). Only the catalysts of N-doped CNTs (NCNTs) with small diameters were active. More in-depth work will be carried out to explore the mechanism of the process in the future. The NCNTs prepared via the pyrolysis of PPy-coated CNTs with the ODs of 10−20 nm at 800°C (NCNTs-800) were used as catalysts in later experiments. As shown in Table  3 , entry 11, 3 g/L of NCNTs-800 was already adequate to reach 100% conversion of 17.4 g/Lpf NIP in 1 h at 120°C.
2.3. Chemoselective Hydrogenation of Various Nitroarenes on NCNTs-800. To explore the catalytic behavior of NCNTs-800, selective hydrogenation of 12 substrates was studied at respective reaction conditions ( Table 4 ). The doped nitrogen atoms with stronger polarity compared to carbon atoms were capable of fabricating polar sites, which have a higher tendency to absorb nitro groups. 47 Compared with m-NCNTs that mainly contain graphitic N, 26 NCNTs-800 possessing 0.82% pyrrolic N and 0.79% graphitic N exhibited different activities and selectivities. On m-NCNTs, the conversion of the nitroarene substrate was rarely affected by the substituent(s) on the benzene ring. The selectivity of the hydrogenation of the nitro group on m-NCNTs was high except for the substrate containing the iodo group. When iodine is present, the selectivity of 3-chloro-4-iodoaniline was as low as 35.7%. Because the iodo group on the benzene ring is easily reduced, many 3-chloroaniline molecules were obtained. Similarly, the selectivity of the hydrogenation of the nitro group on NCNTs-800 was also high and seldom influenced by the substituent. However, the activity of NCNTs-800 was mostly dependent on the substituent of the substrate. Generally, the structure and corresponding inductive effect of the substituent on the benzene ring greatly affected the activity of NCNTs-800, which is similar to the reduction of nitro compounds by hydrazine. 48 Due to different structure and electronegativity of the substituent in the substrate, the conversion of the substrate and the selectivity of the products on NCNTs-800 are different from those on m-NCNTs. 47, 49, 50 For the substituent containing carbonyl group, small electronegativity is preferred to achieve high conversion of the substrate on NCNTs-800. The complete conversion of pnitrobenzaldehyde to p-aminobenzaldehyde was realized on NCNTs-800 ( Table 4 , entry 1), which illustrates a similar activity to m-NCNTs. When the electronegativity of the substituent was increased, e.g., −COCH 3 group in p-nitroacetophenone (Table 4 , entry 6) and −COOCH 3 in methyl pnitrobenzoate ( Table 4 , entry 5), the conversions of the corresponding substrates were both decreased. However, 100% selectivity of nitro hydrogenation could be maintained. When the substrate contains vinyl group with very small electronegativity, the activity of NCNTs-800 was even higher than that of m-NCNTs (Table 4 , entry 10). For the hydrogenation of p-nitrostyrene, the selectivity of NCNTs-800 was different from that of m-NCNTs. More vinyl groups were hydrogenated on NCNTs-800. In general, yields of both p-aminostyrene and p-aminoethylbenzene were increased on NCNTs-800 compared to those on m-NCNTs.
In the situation of halogen substitution on the benzene ring, similar trend was observed. When the para-position of nitrobenzene was substituted by one chloro group, 100% conversion and 100% selectivity can still be achieved on NCNTs-800 (Table 4 , entry 3). However, when three chloro groups were introduced to form 3,4,5-trichloronitrobenzene, its conversion was as low as 36.5% in 3.5 h due to the high electronegativity produced by the three chloro groups. The selectivity of the corresponding amino product was still 100%. Similarly, with the addition of other group possessing high electronegativity, e.g., −OCH 3 , the activity of NCNTs-800 was also suppressed (Table 4, entry 7). As shown in Table 4 , entry 11, when the substrate was substituted by both chloro group and iodo group, its conversion can still reach 100% on NCNTs-800 due to the relatively lower electronegativity of the iodo group. Significantly, the selectivity of 3-chloro-4-iodoaniline on NCNTs-800 is 100%, which is only 35.7% on m-NCNTs. It is attributed to the increase in pyrrolic N content to a suitable level, which generates a synergistic effect with graphitic N in NCNTs-800. Because the iodo group is easily reduced, the selective hydrogenation of the nitro group in the presence of the iodo group will be hard. No dehalogenation product was found in the hydrogenation of halogenated nitroarenes on NCNTs-800, which is superior to that of the other N-doped catalysts 26 and even some metal catalysts. 51, 52 The as-prepared NCNTs-800 will be a good candidate to prepare halogen-containing anilines, especially the product with the iodo group. Therefore, it is feasible to achieve the selective hydrogenation on N-doped CNTs via tuning the composition of doped nitrogen, especially the contents of pyrrolic N and graphitic N.
Nitroarenes with heterocycles were also investigated, in which NCNTs-800 also displayed good catalytic performance ( Table 4 , entries 2 and 9). In addition to nitroarenes, the hydrogenation of heteroaromatic substrate was also evaluated. As displayed in Table 4 , entry 12, it was harder to reduce heteroaromatic on NCNTs-800, and a relatively low conversion was obtained.
2.4. Active Hydrogen Species on NCNTs-800 during Hydrogenation. To elucidate the reaction mechanism of hydrogenation on NCNTs-800, the active hydrogen species were distinguished by further experiments. According to previous literatures, 48, 53 two main forms of active hydrogen species exist: (1) nonpolar H radical and (2) polar H δ− and H δ+ generated from heterolytic cleavage. For the sake of detecting the hydrogen species, butylated hydroxytoluene (BHT) was added as the radical scavenger in the hydrogenation of NIP over NCNTs-800. As displayed in Table 5 , the conversion of NIP decreased from 100 to 59.17% by the introduction of 55 g/L of BHT. The downtrend slowed down with the addition of more BHT. The conversion of NIP was 55.40% in the presence of 110 g/L of BHT. It can be deduced that the active hydrogen species on NCNTs-800 are partially nonpolar H radicals, and other hydrogen species also exist in the hydrogenation reaction. To further testify this conjecture, a verification experiment was performed. With the addition of both BHT and glacial acetic acid into the reaction system, a conversion of 66.51% was obtained, indicating the absence of polar H δ− and H δ+ species ( Table 5 , entry 3). Therefore, nonpolar H radicals together with some other hydrogen species exist in the system of NCNTs-800 during hydrogenation, which differs from the reduction of nitrobenzene by hydrazine. 48, 53 2.5. Recycling Performance of NCNTs-800 for Hydrogenation. The reusability and stability of NCNTs-800 were evaluated via the hydrogenation of p-nitrochlorobenzene, which were important characteristics of the heterogeneous catalyst in practical applications. As depicted in Figure 5 , NCNTs-800 showed only a marginal decrease in activity after seven recycles. Meanwhile, the selectivity of p-aminochlorobenzene was maintained at 100% without any byproduct during all seven recycling experiments. Hence, the as-prepared NCNTs-800 has been certified to have good reusability and stability in hydrogenation reaction, which demonstrated its great potential in real applications as a metal-free catalyst for selective hydrogenation.
CONCLUSIONS
In summary, active and stable metal-free N-doped CNTs have been developed for the chemoselective hydrogenation of nitroarenes. Facile in situ polymerization of pyrrole on the outer wall of CNTs was adopted, followed by the carbonization of the PPy−CNTs composite at different temperatures under a N 2 flow. The concentration of pyrrole, pyrolysis temperature, structure of support, and the OD of CNTs have been investigated to achieve high catalytic performance. The optimal catalyst of NCNTs-800 possessed a unique structure with 0.82% of pyrrolic N and 0.79% of graphitic N.
The activity of NCNTs-800 was mostly dependent on the substituent of the substrate. Among the substrates with similar structures, the substituent possessing small electronegativity will promote the activity of NCNTs-800. Moreover, NCNTs-800 exhibited high selectivity of the hydrogenation of the nitro group, which was seldom influenced by the substituent. Dehalogenation can be avoided on NCNTs-800 in the hydrogenation of halogenated nitroarenes. Significantly, the iodo group can be fully protected for the production of the iodo-containing anilines on NCNTs-800.
It was revealed that the hydrogen species on NCNTs-800 were a mixture of nonpolar H radicals and other hydrogen species in the process of the reaction, in which the polar H δ− and H δ+ species were absent. Metal-free N-doped CNTs are promising catalysts to achieve the selective hydrogenation via tuning the composition of doped nitrogen, especially the contents of pyrrolic N and graphitic N.
EXPERIMENTAL SECTION
4.1. Chemicals and Reagents. Multiwalled carbon nanotubes (MWCNTs) (98%, with 0.34 wt % cobalt as determined by X-ray fluorescence (XRF)), graphene oxide (98%), and fullerene (98%) were purchased from Chengdu Organic Chemicals Co., Ltd., Chinese Academy of Sciences. Pyrrole (99%) was bought from TCI Tokyo Chemical Industry Co., Ltd. Ammonium persulfate (APS) (98%) was purchased from Beijing J&K Scientific Company. tert-Amyl alcohol (98%) was purchased from Aladdin Chemical Co., Ltd. All reagents were of analytical grade and used as purchased without further treatment. Milli-Q Water (Millipore) was used in all experiments.
4.2. Synthesis of N-Doped Carbon Nanotubes (NCNTs). The synthesis of N-doped CNTs using pyrrole for catalytic hydrogenation is described in Scheme 1. In a typical experimental procedure, 250 mg of MWCNTs and 0.5 g of APS were added to 250 mL of deionized water in a flask under sonication for 10 min. Next, 50 μL of pyrrole was added into the mixture and stirred at room temperature for 24 h to get an evenly dispersed solution. The carbon solution was then filtered, and the filter cake was dried in an oven under 60°C for 12 h. Finally, the composite was ground to obtain a fine powder, which was subsequently calcined at 800°C for 2 h under flowing nitrogen (40 mL/min). A ramp rate of 5°C/ min was adopted to increase the temperature from room temperature to 800°C. In the contrast experiments, 
Scheme 1. Synthesis of N-Doped CNTs Using Pyrrole and Their Catalytic Application
MWCNTs with the OD of 10−20 nm were used as a carrier. The catalysts calcined at 700 and 800°C were denoted as NCNTs-700 and NCNTs-800, respectively. Also, 37.5 μL of pyrrole was added as the nitrogen source, and the obtained catalyst was named as NCNTs-37.5-800.
4.3. Characterization. The microstructures of the samples were examined using a transmission electron microscopy (TEM) on a FEI Tecnai G2 F20 electron microscope at an accelerating voltage of 200 kV. The X-ray diffraction (XRD) patterns were recorded on a Bruker D8-Focus X-ray diffractometer, using a Cu Kα radiation source (λ = 1.5418 Å, 40 kV, 40 mA) and collected at a measurement speed of 5°/ min in the 2θ range of 10−80°. The Raman spectra were obtained on a Renishaw inVia reflex confocal microscope with 532 nm wavelength incident laser light. The X-ray photoelectron spectroscopy (XPS) measurement was carried out on a Thermo ESCALAB 250Xi X-ray photoelectron spectrometer using a monochromatic Al Kα radiation source (150 W, 1486.6 eV). The binding energy was calibrated against the C 1s line at 284.8 eV.
4.4. Catalytic Hydrogenation. The liquid-phase catalytic hydrogenation of nitroarenes was carried out in a 100 mL stainless steel reactor equipped with an electric stirrer. In a typical reaction test, a quantity of catalyst was added into the autoclave containing a certain amount of nitroarene, 10 mL of tert-amyl alcohol, and 15 μL of n-dodecane (as an internal standard) to get a uniformly dispersed solution. After being sealed, the autoclave was flushed with N 2 and H 2 three times, respectively. The reaction mixture was preheated to a specified temperature under stirring at 800 rpm and then the required H 2 was introduced. A stirring speed of 800 rpm was adopted in the reaction to eliminate the influence of mass transfer. After the completion of the reaction, the mixture was cooled to room temperature. The liquid sample was collected using a nylon filtration membrane and analyzed by a gas chromatography (GC, Shimadzu 2010 plus and GC−MS, Agilent 5975/ 7890) instrument.
In the recycling experiments, 8 g/L of NCNTs-800, 19.7 g/ L of p-nitrochlorobenzene, 10 mL of tert-amyl alcohol, and 15 μL of n-dodecane were added into a round-bottom flask and mixed uniformly. Then, the mixture was transferred into a stainless steel autoclave. The following procedure was the same as that used in the evaluation of the catalyst. Upon the completion of the reaction (1 h), 4 mL of the supernatant was sampled from the autoclave for further detection. The amount of remaining unreacted substrate was calculated based on the chromatographic data. Then, 4 mL of tert-amyl alcohol and a quantity of p-nitrochlorobenzene were added into the autoclave and the concentration of reactant was guaranteed to reach 19.7 g/L for the next cycle. 
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